The extensively developed network of cell-to-cell communication in the ovarian follicle is generated by gap junctions. In addition to the transmission of nutrients from the follicular cells to the oocyte, junctional communication in the ovarian follicle mediates the transfer of cAMP, the regulatory signal that maintains the oocyte in meiotic arrest. Luteinizing hormone (LH) interrupts cell-to-cell communication within the ovarian follicle, leading to a decrease in intra-oocyte concentrations of cAMP followed by resumption of meiosis. The developmental and hormonal regulation of the ovarian gap junction protein connexin43 (Cx43) and gene expression throughout folliculogenesis is reviewed in this article. An age-dependent increase in the amount of the Cx43 protein that was accompanied by its phosphorylation in preovulatory follicles has been observed. This protein disappeared after ovulation. The changes in both the amount and phosphorylation state of Cx43 were mimicked by exogenous administration of hormones as follows. Pregnant mare serum gonadotrophin increased Cx43 protein expression with a concurrent induction of its phosphorylation while a further human chorionic gonadotrophin injection resulted in a significant decrease of the protein. Cx43 mRNA showed a similar pattern of expression. In-vitro analysis of isolated ovarian follicles revealed that short time exposure (10 min) to LH stimulates phosphorylation of Cx43 followed by its immediate dephosphorylation, while longer incubations (8 and 24 h) with this hormone result in elimination of the protein. A significant decrease in Cx43 mRNA concentration at 24 h of incubation with LH was observed in these follicles. These results suggest that: (i) the presence of the gap junction protein in the ovary is developmentally regulated; (ii) after sexual maturation, both the amount of the Cx43 ovarian gap junction protein and its phosphorylation state are subjected to regulation by gonadotrophins; (iii) the LH-induced gating mechanism of the gap junctions in rat ovarian follicles is comprised of two steps: the immediate response is represented by a change in the phosphorylation state of the Cx43 protein, and the later response is manifested by a reduction of Cx43 protein concentration, due to attenuation of its gene expression.
Introduction
The growth of the oocyte and its development are strictly dependent upon the supply of nutrients from the follicle cells via gap junctions (Eppig, 1979; Heller et al., 1981; Brower and Schultz, 1982) . In addition to transmission of nutrients, junctional communication in the ovarian follicles controls the meiotic status of the oocyte. This action is mediated by the transfer of cAMP, the regulatory signal that maintains the oocyte in meiotic arrest (reviewed by Dekel, 1987; Dekel, 1988a) . Resumption of meiosis, also referred to as oocyte maturation, occurs prior to ovulation and is induced by the preovulatory surge of luteinizing hormone (LH). This hormone interrupts cell-to-cell communication within a selected population of antral ovarian follicles, leading to a drop in intra-oocyte concentrations of cAMP followed by oocyte maturation (reviewed by Dekel, 1988b) .
Gap junctions are specialized regions in closely opposed membranes of neighbouring cells that mediate cell-to-cell communication (Gilula et al., 1972; Loewenstein, 1981) . Several types of gap junction proteins, referred to as connexins, have been identified in different tissues; the somatic cells of the ovarian follicle predominantly express the 43 kDa gap junction protein designated as connexin43 (Cx43; Risek et al., 1990) while the predominant oocyte connexin is apparently Cx37 (Simon et al., 1997) . The major involvment of Cx37 in oocyte growth and follicular development has been recently demonstrated in Cx37-deficient mice (Simon et al., 1997) ; however, its developmental and hormonal regulation in the ovary is largely unknown. On the other hand, the regulation of the ovarian Cx43 protein and gene expression has been extensively studied by us and other laboratories and is summarized in this article.
Developmental regulation of Cx43 expression
The ontogeny of the ovarian gap junctions has been previously demonstrated by morphological examinations. Using transmission electron microscopy, Merk et al. (1972) described the initial appearance of gap junctions in 18 day old rat ovarian follicles. Later, more detailed ultrastructural studies (Albertini and Anderson, 1974; Anderson and Albertini, 1976) showed that plaques of gap junctions in rabbit follicle cells are initially detected around the time of antral formation and grow rapidly during expansion of the antrum, attaining their maximal size and frequency in the mature preovulatory follicle.
The use of immunocytochemistry allowed the detection of the gap junction protein, Cx43, at the surface epithelium of rat ovaries as early as at the second postnatal day (Mayerhoffer and Garfleld, 1995) . The expression of this protein increased in a direct correlation with follicular development and its presence became prominent at ~20 days of age. Developmental analysis of Cx43 protein and gene expression was performed by us recently using immunoblot analysis. Our findings confirmed an age-related increase in Cx43 protein expression (Figure 1 ; Granot and Dekel, 1997) . The increase in the amount of the Cx43 (Cx43) protein concentration. Intact ovaries from 1, 11 and 25 day old rats, and individual follicles selected on each day of the oestrous cycle representing specific stages of development, were removed. Membranes were isolated and subjected to sodium dodecyl sulphatepolyacrylamide gel electrophoresis, followed by Western blot analysis using rabbit anti-Cx43 antibodies. Modulation of Cx43 protein concentration was evaluated by densitometric analysis. Reproduced with permission from Granot and Dekel (1997). protein detected by immunoblotting and immunocytochemistry could account for the enlargement of the gap junction plaques observed in the previously mentioned ultrastructural studies (Albertini and Anderson, 1974; Anderson and Albertini, 1976) .
Developmental analysis of the Cx43 mRNA showed a high correlation between the Cx43 protein concentration and its gene expression (Figure 2 ). The ovarian Cx43 mRNA was not detectable on the first postnatal day. A low concentration of this transcript was observed in ovaries of 11 day old rats followed by its further increase at the age of 25 days (Granot and Dekel, 1997) . The correlation between the amounts of the protein and its mRNA indicates that the developmental regulation is at the level of gene expression.
Modulation in Cx43 expression in the mature cycling rat
Analysis of Cx43 protein expression in ovarian follicles of sexually mature rats revealed a substantially higher amount than that in the juvenile rats (Figure 1 ). This increase was accompanied by the appearance of two additional forms of the protein with a slightly retarded electrophoretic mobility (Granot and Dekel, 1997) . The two somewhat larger proteins recognized by the highly specific antiCx43 antibodies have been previously shown to represent phosphorylated forms of Cx43 (Granot and Dekel, 1994) .
Modifications of the Cx43 gap junction protein and gene in sexually mature (Cx43) gene expression. Intact ovaries from 1, 11 and 25 day old rats and selected follicles from sexually mature rats on pro-oestrus and oestrus were analysed. Total RNA was extracted and the specific Cx43 mRNA was detected by Northern blot analysis using the relevant cDNA probe. Densitometric analysis was performed and normalized according to rRNA. Reproduced with permission from Granot and Dekel (1997) .
rats throughout the oestrous cycle have been studied previously by Wiesen and Midgley (1993) , using immunocytochemistry and in-situ hybridization. Their study showed a decrease in the amount of Cx43 and its mRNA in the granulosa cells of the large preovulatory follicles at late pro-oestrus and early oestrus. Western blot analysis in our more recent study further demonstrated a gradual increase in Cx43 concentrations between metoestrus and pro-oestrus that was followed by almost total elimination of the protein in young corpora lutea isolated on the oestrous day of the cycle. This sharp decline was specifically related to the LH surge since the abolishment of the hypophyseal LH release by nembutal treatment of pro-oestrous rats, totally blocked the reduction in Cx43 (Figure 1 , Granot and Dekel, 1997) . Similar to the results obtained in the protein analysis, we observed an increase in the Cx43 mRNA in large antral follicles of sexually mature animals on pro-oestrus ( Figure 2 ). This increase in mRNA was followed by a sharp reduction in the amount of the Cx43 transcript in postovulatory follicles on oestrus (Granot and Dekel, 1997) .
Hormonal regulation of Cx43 expression (in vivo)
The experiments described above demonstrated the modulations of the ovarian Cx43 in large antral follicles upon the transition from the preovulatory to the postovulatory stage. These stages of follicular development are subjected to regulation by gonadotrophins. The effect of gonadotrophins on the ovarian gap junctions was investigated in vivo in the commonly used experimental model of sexually immature female rats administered with either pregnant mare's serum gonadotrophin (PMSG) alone, or with PMSG followed by a human chorionic gonadotrophin (HCG) injection. PMSG possesses intrinsic activities of follicle stimulating hormone (FSH) and LH. However, since the granulosa/cumulus cells of ovarian follicles of juvenile animals do not express receptors for LH (Zeleznik et al, 1974) , it is unlikely that the effect of this gonadotrophin at this stage of follicle development is related to its LH activity. On the other hand, HCG administered later does bind to the already available granulosa cells LH receptors and elicits biological responses that are similar to that of the pituitary gonadotrophin. Therefore, the use of these two hormones that represent the effects of FSH and LH, respectively, attempts to mimic the sequence of gonadotrophin secretion during the oestrous cycle.
Electron microscopy (Merk et al., 1972) showed an increased number of gap junctions per cell that was induced by exogenous administration of PMSG in rats. An opposite effect has been shown in follicles of rats and rabbits administered with an ovulatory dose of HCG. The injection of this last gonadotrophin led to a significant reduction in the amount of gap junctions in the granulosa cell membranes as well as in the cumulus-oocyte complexes (Larsen et al., 1981 (Larsen et al., , 1986 (Larsen et al., , 1987 Phillips and Dekel, 1991) .
HCG has also been shown to affect gap junction permeability. Gilula et al. (1978) showed decreasing amounts of electrical coupling in rat cumulus-oocyte complexes after HCG injection. Administration of HCG has also been shown to have a negative effect on metabolic coupling in both sheep and rat ovarian follicles (Moor et al, 1980; Sherizly et al, 1988) . The HCG-induced downregulation observed at the functional level correlates with the decrease in the number of gap junctions observed in the above-mentioned ultrastructural analysis (Larsen et al, 1981 (Larsen et al, , 1986 (Larsen et al, , 1987 .
The results of our recent analysis of the Cx43 protein (Granot and Dekel, 1997 ) agree with these previously reported anatomical and functional examinations. We found that the changes in both the amount and phosphorylation state of Cx43 protein observed at pro-oestrus and oestrus were indeed mimicked by the exogenous administration of the hormones as follows: PMSG substantially increased the Cx43 protein expression with a concurrent induction of its (Cx43) protein in ovarian follicles of juvenile rats. Sexually immature female rats administered with either pregnant mare's serum gonadotrophin (PMSG) alone or with PMSG followed by human chorionic gonadotrophin (HCG) 48 h later were employed. For analysis, individual representative follicles were selected. Membranes were isolated and subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis, followed by Western blot analysis using rabbit antiCx43 antibodies. Modulation of Cx43 protein concentration was evaluated by densitometric analysis. Reproduced with permission from Granot and Dekel (1997) .
phosphorylation while the additional injection of HCG resulted in a decrease of the signal detected at 8 h followed by its elimination at 24 h (Figure 3 ). The effect of these gonadotrophins was also tested on the Cx43 mRNA (Figure 4 ). Northern blot analysis revealed that PMSG increased the Cx43 mRNA concentration while the additional HCG injection resulted in a significant decrease in the amount of this transcript.
Hormonal regulation of Cx43 expression and post-translational modification (in vitro)
Previous studies demonstrated that the mechanism by which LH induces oocyte maturation consists of interruption of cell-to-cell communication within the ovarian follicle, leading to a drop in intra-oocyte concentrations of cAMP followed by resumption of meiosis (reviewed by Dekel, 1988b) . Furthermore, kinetic analysis demonstrated that exposure of isolated follicles to LH for 1 h decreased the metabolic coupling in the cumulus-oocyte complexes to 50% of its initial concentration, while longer exposure to this hormone induced a moderate continuous decrease in coupling (Sherizly et al., 1988) . The disappearance of the gap junctions and the reduction in protein expression at later time-points after HCG administration may explain the gradual decrease in gap junction . Effect of gonadotrophins on connexin (Cx43) mRNA concentration in ovarian follicles of juvenile rats. Sexually immature female rats administered with either pregnant mare's serum gonadotrophin (PMSG) alone or with PMSG followed human chorionic gonadotrophin (HCG) were employed. For analysis, individual representative follicles were selected. Total RNA was extracted and the specific Cx43 mRNA was detected by Northern blot analysis. Densitometric analysis was performed and normalized according to rRNA. Reported with permission from Granot and Dekel (1997) .
permeability demonstrated in our previous study at longer incubations with this hormone (Sherizly et al., 1988) . However, these results do not reflect the shortterm inhibitory effect of LH on gap junction permeability (Sherizly et al., 1988) . We have recently demonstrated the direct in-vitro effect of LH on the Cx43 protein by exposure of isolated rat follicles to the hormone ( Figure 5 ). Western blot analysis of cytoplasmic membranes of freshly isolated follicles revealed that the Cx43 protein is present in multiphosphorylated forms running between 43-45 kDa. Incubation of isolated ovarian follicles with LH for 10 min increased the relative amount of the phosphorylated forms of Cx43 followed by their dephosphorylation at 30 min. Longer exposure (8 h and 24 h) to LH resulted in a total elimination of the protein (Granot and Dekel, 1994) . We therefore suggested that the immediate inhibitory effect of LH on gap junction permeability (Sherizly et al., 1988) could result from the changes in the phosphorylation state At the end of incubations, membranes were prepared and subjected to sodium dodecyl sulphatepolyacrylamide gel electrophoresis, followed by Western blot analysis using rabbit anti-Cx43 antibodies. Modulation of Cx43 protein was evaluated by densitometric analysis. Reproduced with permission from Granot and Dekel (1994) .
of the gap junction protein that occurs shortly after exposure to the hormone (Granot and Dekel, 1994) , leading to conformational changes that block the channels. The idea that hormones can operate a gating mechanism by stimulating posttranslational phosphorylation/dephosphorylation reactions of the gap junction protein is of particular interest (Crow et al, 1990; Musil et al, 1990b; Saez et al, 1990; Swenson et al, 1990) . Changes in the phosphorylation state of Cx43, that regulate the electrical coupling and modulate the permeability of gap junctions, were previously demonstrated in other mammalian systems such as cardiac cells, flbroblasts and rat liver epithelial cells (De Mello, 1984; Crow et al, 1990 Crow et al, , 1992 Filson et al, 1990; Musil et al, 1990b; Swenson et al, 1990; Berthoud et al, 1992; Moreno et al, 1992; Kanemitsu and Lau, 1993) .
The possibility that the long-term hormone-induced decrease in the amount of Cx43 protein represents changes in Cx43 gene expression was confirmed by Northern blot analysis (Figure 6 ). This analysis revealed that exposure of isolated follicles to LH resulted in a decrease of the Cx43 mRNA by 45% after 24 h of incubation. . Effect of luteinizing hormone (LH) on connexin (Cx43) mRNA. Follicles were incubated without or with LH (1 mg/ml) for 24 h. At the end of incubations total RNA was extracted and subjected to electrophoresis on agarose gel (1%). Detection of the specific Cx43 transcript was performed by Northern blot analysis using 32 P-labelled cDNA probe, T7/T3 al9. A transcript of 3.6 kb was detected by autoradiography. Signal intensities were analysed by densitometry and normalized according to P-actin. Reproduced with permission from Granot and Dekel (1994) .
Intracellular signalling involved in Cx43 phosphorylation and expression
The possibility that Cx43 phosphorylation is mediated by the cAMP-dependent protein kinase A (PKA) biochemical pathway was investigated by incubating isolated follicles with forskolin, a potent activator of adenylyl cyclase (Seamon and Daly, 1981) . Similar to LH, forskolin induced an immediate increase of the relative intensity of the phosphorylated forms of the Cx43 protein, while longer exposure (24 h) to this agent resulted in elimination of the signal. Maximal phosphorylation of Cx43 in response to forskolin was observed at 30 min of incubation. The ability of forskolin to mimic the effect of LH on Cx43 suggests that, similar to the other biological responses to this gonadotrophin in the ovary, LH-induced phosphorylation of Cx43 is probably mediated by the cAMPdependent PKA second messenger pathway. This idea agrees with a previous report indicating a negative regulation of gap junction permeability by cAMPdependent phosphorylation of Cx43 in uterine smooth muscle cells (Cole and Garfield, 1986) .
A gonadotrophin-releasing hormone analogue (GnRHa), which does not elevate cAMP in the ovary but is known as a protein kinase C (PKC) modulator, induces uncoupling in rat cumulus-oocyte complexes, followed by oocyte maturation (Dekel et al., 1989) . These findings raise the possibility that the cAMP-dependent activation of PKA is not the only biochemical pathway that modulates changes in the ovarian gap junction protein. This idea gains strong support from our demonstrations that similar to LH, GnRHa also exhibited a short-term phosphorylation/dephosphorylation effect on Cx43 protein, with a long-term effect on protein expression. The idea that PKC activation can also mediate down-regulation of communication in the ovarian follicle is further supported by our findings that tumour-promoting phorbol ester (TPA), a known activator of PKC (Castanga et al, 1982) , also induced phosphorylation of Cx43. Unlike LH and GnRHa, which exhibited up-regulation followed by down-regulation of phosphorylation, TPA elicited a continuous constitutive phosphorylation. This mode of TPA action could represent the absence of an intracellular mechanism for metabolizing phorbol esters, leading to long-lasting stimulation of PKC resulting in proteolytic cleavage of the catalytic domain and irreversible activation of kinase activity (Melloni et al, 1986; Nishizuka, 1986) . TPA-induced Cx43 phosphorylation was completely inhibited by staurosporine, supporting the idea that PKC participates in phosphorylation of the ovarian gap junction protein.
Regulation of Cx43 by TPA has recently been demonstrated in MDCK cells (Berthoud et al., 1992) . Similar to our results in cells of the ovarian follicle, TPA stimulated an increase in the amount of phosphorylated forms of Cx43 at the expense of the non-phosphorylated form. Furthermore, a concomitant TPAinduced inhibition of cell-to-cell communication has also been demonstrated in the above system.
Several studies provide evidence indicating that, in addition to stimulation of cAMP production, LH binding to its receptors on the plasma membranes of ovarian cells leads to the generation of another second messenger, diacylglycerol, that activates PKC (Davis et al, 1984; Dimino et al, 1987) . This idea was confirmed by demonstrations that the effect of LH on progesterone production by rat granulosa cells is mediated by a dual signalling pathway, that includes both PKA and PKC simultaneously (Gudermann et al, 1992; Morris and Richards, 1993) . Our results also suggest that both PKA and PKC can participate in LH-induced Cx43 modulation in rat follicular cells.
The physiological relevance of PKC activation on regulation of cell-to-cell communication in the ovarian follicle has been further investigated by the analysis of the combined effect of staurosporine with either LH or forskolin in our system. Staurosporine is indeed considered as a very potent inhibitor of PKC. However, this compound also exhibits a weak inhibitory action towards PKA (Tamaoki et al, 1986) . Therefore, the partial inhibitory effect of staurosporine on the LH-induced phosphorylation of Cx43 demonstrated in our experiments could possibly reflect the interaction of this agent with PKC as well as PKA. This result, therefore, does not provide any definitive information in regard to the possible mediatory role of PKC in the induction of Cx43 phosphorylation by LH. However, the fact that the same concentration of staurosporine failed to affect the action of forskolin in our system does seem to further clarify this issue. Taken together, our results, using the combination of staurosporine with either TPA, LH or forskolin, seem to suggest that similar to the other examples mentioned above, our system is indeed mediated by a dual signalling pathway that includes both PKA and PKC.
Conclusion
In conclusion, taken together, our recent results and previous findings from other laboratories, are compatible with the following sequence of events. At the early postnatal period the ovarian Cx43 gene expression is gradually elevated, resulting in an age-related increase in the amount of the protein. Follicular development that seems to be gonadotrophin-independent at these early stages (Greenwald and Roy, 1994) is strictly regulated by these hormones at later stages of folliculogenesis. In the large antral follicles, cell-to-cell communication becomes quite intensive due to FSH-induced elevation in Cx43 gene expression and protein translation. This gonadotrophin also stimulates post-translational modifications, manifested as Cx43 phosphorylation that may have a role in regulation of gap junction function. The pro-oestrous LH surge induces a sequence of events that reduces the permeability of the gap junctions. Binding of LH/HCG to its receptors on the ovarian cumulus/granulosa cells stimulates a concomitant activation of PKA as well as PKC. Either directly, or through an as yet unknown cascade of biochemical reactions, these kinases induce phosphorylation of Cx43, resulting in conformational modification of the protein that is immediately manifested by a decreased permeability of the gap junctions. Protein substrate(s) for PKA and/or PKC may further interact with the mRNA to interfere with Cx43 expression, resulting in a significant decrease in the net amount of the gap junction protein at oestrus. Under these circumstances intercellular communication within the ovarian follicle is terminated. Down-regulation of gap junction permeability in rat ovarian follicles has been previously shown to promote oocyte maturation (Piontkewitz and Dekel, 1993) .
